Optical characterization of MQW-based microdisks. a, Schematic diagram of the epitaxial wafer used for fabrication of MQW microdisks. b, Typical threshold curve (output intensity vs pump energy) of a MQW microdisk measured in air suspended on pillar. c, Distribution of threshold energy for MQW microdisks lasers (N = 16). d, Semi-logarithmic plot of a typical laser output spectrum of a typical MQW microdisk laser above lasing threshold. e, Gaussian fit of the linewidth of a MQW laser emission with a FWHM of 0.23 nm.
Laser particles uptake and biocompatibility assays. Histogram of the number of LPs internalized by MDCK-II cells after 24 hours incubation with LPs at initial LPs-to-cells concentrations of (a) 2:1 (N = 592 cells), (b) 4:1 (N = 815 cells) and 8:1 (N = 1054 cells). d, Cell cycle time measured for 201 cells carrying different numbers of LPs using time-lapse imaging. A one-way ANOVA [F(4,197) = 1.021] for the effect of particle number was not significant (p > 0.05). e, Effect of LPs on cellular proliferation measured by the CCK-8 assay. MDCK-II cells were incubated with 4:1 particle:cell ratio (measured at 48 h), and incubated with 32:1 ratio (measured at 120 h), compared to controls (no LPs). A two-tailed, unpaired t-test revealed no significant difference in proliferation rate between cells with and without LPs (p > 0.05, N = 4 for each condition). f, Measured size of gap in a wound-healing assay conducted using MDCK-II cells cultured with (magenta; initial concentration 4:1) and without (cyan) LPs. The gap closure (would healing) time is unaffected by the LPs.
Supplementary Figure 9
Validation of tracking algorithm. a, Overlay of brightfield and LASE imaging at different time points during a wound-healing assay of LP-tagged MDCK-II cells. b, Comparison between the paths of N = 21 LPs manually tracked from the brightfield image (black lines) with the corresponding traces obtained by the analysis of the LASE data (colored lines). The three LPs in the red box are in the same cell; the tracking algorithm is able to correctly follow them despite their paths intersect because of they are spectrally distinguished. All scale bars are 20 µm. c, Paths of all the LPs tracked for more than 20 h by our algorithm applied to sub-sampled datasets at increasing time intervals (15, 30, 60 and 120 minutes). 
Supplementary Figure 10

Supplementary Notes Supplementary Note 1: WGM resonance modeling
Resonance wavelengths for bare microdisk resonators of different diameters were calculated using the effective index method 1 for a cylindrical resonator of radius R, thickness h and refractive index n1 in an environment with refractive index n0 ( Supplementary Fig. 2a ). The original 3dimensional problem can be approximated to a 2D disk of effective refractive index neff(λ), given for TE and TM modes by the solution of the implicit equations:
:
These equations may have more than one solutions corresponding to different thickness modes of the disk. The maximum thickness hsm, below which only the fundamental thickness mode is supported, is given by:
( 3)
For a design wavelength of λ = 1350 nm and n1 = 3.445, we obtain hsm = 205 nm in air (n0 = 1) and hsm = 212 nm in water (n0 = 1.32). The actual thickness of 200 nm satisfies the single-mode condition, h < hsm.
We calculated the effective refractive indices of only the lowest-order TE and TM modes, as shown in Supplementary Fig. 2b , c. The TE modes have considerably higher neff than the TM modes, especially for thicknesses below hsm. We thus focused our analysis on the TE modes, which are better confined and have higher Q-factors 2 . The electromagnetic field profile of the TE modes for the 2D disk is given, in cylindrical coordinates, by 1 : is the vacuum permeability, m is the azimuthal order of the mode, A and B are normalization constant, ω and k0 are the frequency and wavenumber. By applying the boundary conditions at the disk edge, i.e. the continuity of Eφ and Hz, we can derive the following relationship:
where we have defined = 5 011 and = 5 5 . As both Eq. (S1) and Eq. (S4) depend only on neff and λ, they can be solved together to find the resonance wavelengths λm,p, where p is the radial order of the modes. The solutions for the resonance modes of microdisks with varying diameters are reported in Supplementary Fig. 2d , for both air and water as the external medium.
This model allows us to estimate how much the resonance wavelengths of the cavities are affected by changes in the various parameters of the problem. For microdisks of 2 µm in diameter ( Fig. 1c) , the sensitivity to small variations in microdisk radius id δλ/δR = 1.07 and 1.01 nm/nm respectively for m = 9 and 10. For diameters in the 2.2 -2.5 µm range (Fig. 2) the δλ/δR ranges from 0.8 to 1.05 nm/nm as shown in Supplementary Fig. 2e .
The sensitivity of the resonance wavelength to small variations in external refractive index (δλ/δn0) at a design radius of 1.2 µm is shown in Supplementary Fig. 2f . δλ/δn0 varies from 160 nm/RIU for m = 9 to 50 nm/RIU for m = 14.
Supplementary Note 2: Detection and tracking algorithm validation
The algorithm used for detecting and tracking LPs (described in the Methods section) was validated on an in-vitro time-lapse imaging dataset of a wound-healing assay. Brightfield and LASE images were acquired simultaneously every 15 minutes for 28 hours ( Supplementary Fig.   9 ). From the brightfield image taken at 0 h we observed 899 microdisks (dark spots), while the LASE microscopy algorithm detected 757 LPs. This discrepancy is primarily because we used a fixed pump power at a modified level to avoid any thermal degradation, and some (~142) of the LPs did not reach lasing threshold at the pump power. This false-negative error is not critical as we don't intend to track every single cell (particle). This rate can be reduced by making LPs with more uniform quality in terms of lasing threshold. The algorithm described in the manuscript was applied to obtain cellular trajectories. Supplementary Fig. 9 shows the paths of the N = 730 LPs, all of which were tracked for longer than 20 h. To check if the algorithm correctly computes the paths of the LPs, we randomly selected 21 laser particles in the brightfield images and manually followed them (occasionally using the wavelength emission information to help tracking). These trajectories served as ground truth data. For all 21 cases, we found a very good match between the ground truth data and the LPs paths extracted by our tracking algorithm. This result is illustrated in Supplementary Fig. 9 . We found that 3 out of the 21 LPs had almost identical trajectories, which we interpreted that they were in the same cells (paths in the red box in Supplementary Fig. 9 ). The LASE tracking algorithm correctly follows their trajectories even when their paths crossed each other.
To evaluate the adequacy of the 1-hour interval we used in the tumor spheroid tracking experiment described in the main text, we applied the spectral-spatial algorithm to the same dataset described above sub-sampled every 30, 60 and 120 minutes, respectively. Of the 730 microdisks tracked from the full LASE microscopy dataset, this number reduced to 715 microdisks with 30 min interval, 696 microdisks with 60 min interval, and 660 with 120 min interval ( Supplementary Fig. 9 ). With the 60 min interval, about 5% of LPs are lost during tracking.
Although undesirable, this drop-out case is not critical when tracking every cell is not necessary and should be acceptable for most experiments.
Supplementary Note 3: Errors in laser particle identification
Consider a series of laser particles ( ''s) with incrementally increasing nominal wavelengths 5,K with an interval of ∆. We assume that spectral measurement has a Gaussian distribution with a standard deviation . When ∆≫ , the series of particles can be correctly identified by ranking the measured wavelengths in increasing order. However, a finite probability for error exists when the measured rank order between two adjacent particles is reversed due to the measurement uncertainty. The probability that a single measurement of the -th particle will yield a value K is described by a probability density function K :
For correct identification, the measured wavelength K the -th particle should fall between the measured values of the ( -1)-th and ( +1)-th particles, i.e. KJ-< K < K]-. When ∆ ≫ , the dominant error is due to nearest neighbor swapping, which occurs when K < KJ-or K < K]-.
The probability of this mismatching error is given:
The total error probability 0tt of incorrectly assigning the -th particle is expressed as: Using ( 6), we find:
where is the error function. For D = 1 nm and σ = 0.18 nm, we obtain Perr = 8.6x10 -5 .
Another way of identifying laser particles is to assign fixed bins of a width equal to Δ around the nominal wavelengths 5,K and match the measured value K to a corresponding bin. The probability of error in this case is given by: ( 10)
Therefore, we find:
For D = 1 nm and σ = 0.18 nm, we have in this case Perr = 5.5x10 -3 .
